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abstract .1in We examine the quantum states produced through parametric amplication with internal
quantum noise. The internal diusion arises by coupling both modes of light to a reservoir for the duration
of the interaction time. The Wigner function for the diused two-mode squeezed state is calculated. The
nonlocality, separability, and purity of these quantum states of light are discussed. In addition, we conclude
by studying the nonlocality of two other continuous variable states: the Werner state and the phase-diused
state for two light modes.
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Introduction The two-mode squeezed state is the paradigm of the EPR state for light modes. In recent
years such states have been experimentally realized and thus have been used in a number of applications
mandel1995. In particular, these states can be used to demonstrate that quantum mechanics is nonlocal.
Using the polarization states of the two modes, a violation of Bell’s inequality has been experimentally
realized aspect1982. In addition, an experiment based on parity measurements to demonstrate nonlocality
has been proposed banaszek1998. Using parity considerations, a positive everywhere Wigner function has
been shown to be nonlocal.
In particular, by using a phase space representation, nonlocality for the continuous variable squeezed
state can be analyzed. Because squeezed states can be experimentally demonstrated, a lot of attention
has been given to studying how noise aects these states. Up to the present, nonlocality for a pure two-
mode squeezed state coupled to an external reservoir has been investigated kim2000. This noise has been
introduced into the state by coupling each mode of the squeezed state to independent external reservoirs.
Alternatively, this can be interpreted as transmitting the two modes through some noisy quantum channel.
Finding an exact analytic expression for the Wigner function is often an operose task. Gaussian Wigner
functions are prevalent because they are exact solutions to equations which can be easily dealt with. However,
in most cases only numerical solutions exist. And in some cases analytic solutions exist, but only under certain
approximations. An exact, non-Gaussian solution for the Wigner function for a nondegenerate parametric
oscillator has been obtained for the steady-state kheruntsyan2000. Although the state is a two-mode squeezed
state with internal quantum noise, the steady state solution exhibits no nonlocal features and, therefore, is
not useful for tests of Bell-type inequalities.
Parametric amplication generates the two-mode squeezed state via nonlinear interactions in a crystal.
A laser beam passes through a crystal for some time and the output is two modes of light which are correlated.
The degree of correlation depends on the interaction time as well as the strength of the nonlinearity. Ideally,
this process generates a pure quantum state which is nonseparable. We will consider the nonideal process
where quantum noise is present inside the crystal.
The purpose of this paper is to study the nonlocal features of the two-mode squeezed state with internal
noise. We solve the Wigner function exactly to analyze the dynamics of nonlocality and study the many
features of this quantum state, such as separability and the behavior in the steady state. We begin this
paper by considering two modes which are coupled via a diusive nonlinear crystal. The Hamiltonian has an
interaction term plus noise terms which couple each mode to a heat bath. A linear quantum Fokker-Planck
equation is solved for the Gaussian Wigner function of the state. An analysis of the steady state conditions
is given. In Section III conditions for purity and separability of the state are provided. A discussion of
the class of nonseparable mixed states which exhibit quantum nonlocality follows. An application to Bell’s
inequality is given in Section IV, where the eect of noise on the nonlocality of the state is discussed. With
Section V we conclude by examining two types of mixed entangled states: the continuous variable Werner
state and a phase-diused state. Wigner function. The Wigner function for a two-mode squeezed state is
well-known to be eqnarray eq:w2mss W2mss(α1, α2) = 4pi2exp[−2 cosh(2r)(jα1j2 + jα2j2)
In this paper, we derive the Wigner function for a two-mode squeezed state which has internal noise. In
this case a pure squeezed state is not produced. Rather, there is a quantum diusion process present during
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the generation of the squeezed light. This is intrinsic quantum noise which is present for the duration of the
interaction time.
The Hamiltonian, in the interaction picture, describing the process of parametric amplication in the
presence of noise is eqnarray H^ = ihκ(a^†1a^
†
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